Introduction
On September 29, 2009, a magnitude-8.1 submarine earthquake occurred at 6:48 a.m. Samoa Standard Time approximately 190 km (120 mi) southwest of Samoa (U.S. Geological Survey 2009a). The earthquake triggered a tsunami that caused 184 deaths, 7 missing and presumed dead, and widespread damage in Samoa, American Samoa, and Tonga (United Nations Office for the Coordination of Humanitarian Affairs, 2009; Federal Emergency Management Agency, 2009 ). This is the first tsunami to cause casualties on U.S. soil in more than 30 years.
Scientists from around the world quickly mobilized to document the impact of the tsunami before ephemeral data, such as the landward extent of tsunami flooding or inundation limit, were lost to recovery activity and natural processes. The tsunami reached elevations greater than 12 m above sea level and flooded regions more than 600 m inland. Although this report focuses on the measurement of the inundation limit, measurements of the wave heights, flow depths, sediment deposits, and other physical and ecological impacts were also recorded, and all the data collected will be used to improve the understanding of tsunamis in the Pacific and elsewhere in the world.
Rapid response teams of U.S. Geological Survey (USGS) scientists traveled to Tutuila, American Samoa from October 4-22 and November [5] [6] [7] [8] [9] [10] [11] [12] 2009 , to collect data ( fig. 1 ).
During the first field survey a variety of water-level and other field measurements were collected to document impacts of the tsunami (U.S. Geological Survey 2009a). The second survey focused on the need to better define the alongshore variation in the limit of tsunami inundation because the primary strategy of previous international survey teams was to collect data along shore-normal transects or at individual points at a large number of locations before the physical evidence of water levels degraded. Except for an international team of scientists from Japan, the United States, and American Samoa (Koshimura and others, 2009a,b) that walked the limit of inundation at Amanave and the western end of Pago Pago harbor, this effort by the USGS was the only attempt to collect field measurements of the continuous alongshore variation of the limit of tsunami inundation around Tutuila. The inundation line is useful for planning safer coastal development and evacuation routes for future tsunamis and for improving models of tsunami hazards.
This report presents field measurements of the inundation limit from the September 29, 2009, tsunami collected by USGS scientists on Tutuila, American Samoa. The methods of data collection and associated errors are discussed to allow users to critically evaluate the information and determine how best to apply these data for their purposes. Maps showing the limit of inundation overlain on satellite images, as well as GIS, spreadsheet, and text files are included to facilitate the use of these data. which is in the region where the tsunami was generated, is also shown.
Methods Equipment
The inundation limit was mapped using three Differential GPS-enabled (DGPS) Magellan ProMark 3 L1 receivers. The units were mounted to ~ 1.9-m-long survey poles and equipped with NAP 100 antennas fixed to the top of the pole ( fig. 2 ).
Figure 2.
Surveying limit of inundation using antenna fixed to pole that collected data for DGPS positioning.
Data Collection
Inundation lines were walked during two survey periods, October 9-17 and November 6-12, 2009. The interpreted location of the inundation line was based on the remaining physical evidence of tsunami inundation and, whenever possible, interviews with local residents. Typically, two scientists worked together to confirm interpretations.
Identification of the inundation limit involves interpreting the division between adjacent areas that show evidence of inundation and areas that do not. Along this division a concentration of debris, often called a debris or wrack line, may be present. Indicators of tsunami inundation include debris, bent or snapped vegetation, sand or boulder deposits, erosion, damage to structures or their contents, water marks on structures, and salt-burnt vegetation.
The interpretation of the limit of tsunami inundation from physical evidence was augmented by interviews with local residents. Most interviewees were not present in the villages during the tsunami, but were able to assist in the identification of the limit of inundation based on their recollections and interpretations of remaining debris and damage to vegetation and property from the tsunami. In some cases during the later surveys the physical evidence had degraded to a point where eyewitness interviews were the primary source of information. Care was taken, particularly during the November surveys, to assess and document the uncertainty in the interpretation of the location of the inundation limit.
Processing
The National Geodetic Survey (NGS) Continuously Operating Reference Station (CORS) at site ASPA in Pago Pago (National Geodetic Survey [2009] ) was used as a base station to differentially correct the ProMark 3 GPS rover data. The differential corrections were post-processed using either Magellan's GNSS Solutions 3.10.07 (Magellan, 2008) 
Uncertainty in Location of the Inundation Line
The locations of the inundation limit presented in this report are a best estimate. For many purposes, these locations will suffice. However, for other applications it will be necessary to assess the uncertainty in the reported locations. Uncertainty in the estimated locations derives from two primary sources: (1) the field interpretation of the location of the inundation limit and (2) DGPS error.
Identification Uncertainty
Inundation data were collected from 10 to 44 days after the tsunami. During this time span, clean up was ongoing, and natural processes were acting to degrade or remove the evidence of tsunami inundation. In populated areas evidence was removed or altered during the rapid clean up immediately following the tsunami. Post-tsunami rain and river flooding also removed and altered physical evidence in many areas. These processes are not spatially uniform and introduce a variable uncertainty into the data collected. To account for the introduction of this nonuniform uncertainty, photos and careful notes were taken, and a continuous estimate of the uncertainty was made.
A value of <2 m, <5 m, <10 m, or <20 m was assigned to each data point as the uncertainty in the interpretation of the location of the limit of inundation. Although an attempt was made to standardize the estimates of how close the line we walked was to the actual inundation line, such standardization was not possible because not all scientists were present for each survey. The uncertainties reported in the files accompanying this report, therefore, are intrinsically subjective.
Guiding principles for assigning horizontal uncertainty in the interpretation of the limit of inundation are that uncertainties are lower for (1) fresher evidence (earlier surveys), (2) steeper slopes, (3) more debris-rich environments, and (4) where an eyewitness accompanied the survey team to point out the limit of inundation. Uncertainty in the location of the inundation line was typically greater landward of the reported position because evidence was interpreted conservatively and inland terrain was difficult to navigate in places (for example, steep vegetated terrain).The uncertainty is also not always symmetric, with locations where there was larger uncertainty landward of the reported location because evidence was interpreted conservatively and inland terrain was difficult to navigate in places (for example, steep vegetated terrain). Often, but not always, the uncertainty in interpreting the location of the limit of inundation was greater than the DGPS error.
DGPS Error
Various factors affect the error of a DGPS position including the number and geometry of available satellites, ionospheric interactions, multipath errors, density of vegetation, and topography. As a result the accuracy for DGPS points varies. Points along inundation lines mapped in areas open to the sky with good satellite coverage typically have lower DGPS error than those collected in steep valleys or under a canopy of dense vegetation.
The processing programs a statistically derived error estimate for each DGPS measurement. The error estimate is associated with a confidence level that gives the probability that the true value of the measurement falls within the range generated by subtracting and adding the error estimate to the measured value. The 95-percent confidence level for the horizontal location is reported in the accompanying files. For example, a measurement for the location of the inundation limit of 50.5 meters from shore that has an error estimate of 1.1 meters at the 95-percent confidence level has a 95-percent probability that the true value is between 49.4 and 51.6 meters from shore (Magellan, 2008) . The software documentation does not provide information for the algorithms used to calculate this estimate, and it was therefore impossible to determine the quality of the estimate.
Inundation Limits
The aim of data collection was to document the large-scale variability in tsunami inundation on the island of Tutuila, American Samoa. These data should not be used to determine whether individual structures were inundated or damaged by the tsunami.
Data Collection
Inundation data were collected at 18 sites around Tutuila ( fig. 3, table 1) . A total of 15,703 inundation limit points were collected. Estimates of the maximum inundation for each village or embayment from measurements in a GIS are reported in table 1. Only the location of the limit of inundation, not the DGPS error or interpretation uncertainty, are shown in figures A1-A15 in the appendix. The error and location uncertainty for each point are included in the electronic files accompanying this report. 
